The genus Racomitrium (Grimmiaceae: Racomitrioideae) was recently segregated into four genera-Racomitrium, Niphotrichum, Codriophorus, and Bucklandiella-following an infrageneric division originally proposed more than 100 years ago based on morphological traits such as the presence and shape of laminal cell papillae and hyaline leaf hairpoints, and differences in peristome teeth morphology and costa structure. Here we present a molecular phylogeny of Racomitrium s.l. based on nuclear ITS and plastid rps4-trnL and trnK/matK-psbA sequences, to test the monophyly of these four morphological entities. Our results solely support the monophyly of Racomitrium s.str., which includes only R. geronticum, R. lanuginosum, and R. pruinosum, while the members of the other segregate genera are distributed in different clades, rendering them polyphyletic (Bucklandiella, Codriophorus) or paraphyletic (Niphotrichum). Ancestral state reconstruction shows high levels of homoplasy in the characters usually used for the infrageneric division of Racomitrium s.l. (i.e., leaf papillae shape, perichaetial leaves morphology). Based on this evidence, we propose a return to a broader concept of Racomitrium, and adopt a revised sectional classification. Therefore, we propose new combinations for some recently described species of Bucklandiella and Codriophorus.
INTRODUCTION
Racomitrium Brid. s.l. (Grimmiaceae) comprises approximately 80 species distributed throughout the temperate and cold regions of the world (Ochyra & al., 2003) . Racomitrium is one of the most distinctive genera of mosses, immediately identifiable under the light microscope by the rectangular basal and median laminal cells, which have strongly sinuose or nodulose walls. Outside Racomitrium, this trait is only present in some species of Dryptodon Brid., which is considered to be its sister group (Hedderson & al., 2004; Hernández-Maqueda & al., 2008a, b) , and more obscurely in some species of the also closely related Schistidium Brid. (Ochyra & Afonina, 1986) . Racomitrium is furthermore characterized by a cladocarpous habit, absence of a central strand in the stem, haplolepidous arthrodontous peristome of seligerioid type (16 teeth divided into two or three prongs or rarely entire, basal membrane and preperistome present), mitrate and basally lobed calyptra, and sinuose walls of the epidermal cells of the vaginula.
Despite the seemingly clear circumscription of Racomitrium, its taxonomic history is complex, especially with regard to the separation of Racomitrium and Dryptodon. Furthermore, the large number of species and high morphological diversity have encouraged taxonomists to define smaller taxonomic entities that would be easier to work with. These attempts have ranged from distinction of sections within Racomitrium to splitting the genus into separate genera, leading to renaming of long-recognized species.
Racomitrium was described by Bridel (1818) to accommodate some of the Trichostomum species of Hedwig (1801) characterized by deeply divided peristome teeth, shortly mitrate, basally lobed calyptrae, and annulate capsules. Later, the genus concept was refined by various authors, some of them proposing novel subgeneric classifications (Bridel, 1826; Huebener, 1833; Bruch & Schimper, 1845; Müller, 1849; Schimper, 1860) .
The work of Kindberg (1898) represented a marked break in Racomitrium taxonomy and formed the basis for a still ongoing discussion. Kindberg ignored all previous divisions of the Version of Record (identical to print version).
genus Racomitrium and created four unranked species groups (Lanuginosa, Canescentia, Papillosa, Laevifolia) , which were formalized as sections by Noguchi (1974) . This concept was subsequently followed by Frisvoll (1983 Frisvoll ( , 1988 and BednarekOchyra (1995) . The latter author, however, elevated the four taxa to subgeneric rank, as subg. Racomitrium (= Lanuginosa), subg. Nipho trichum Bednarek-Ochyra, nom. illeg. (= Canescentia) , subg. Cataracta Vilh. (= Papillosa), and subg. Ellipticodryptodon (Vilh.) Bednarek-Ochyra & Ochyra (= Laevifolia). Finally, Ochyra & al. (2003) treated the four subgenera as separate genera within a newly erected subfamily Racomitrioideae of the Grimmiaceae. The generic names Racomitrium and Nipho trichum Bednarek-Ochyra & Ochyra were maintained, and for the other two taxa the already available generic names Codriophorus P. Beauv. (= Cataracta, Papillosa) and Bucklandiella Roiv. (= Ellipticodryptodon, Laevifolia) were used. A considerable number of sections and subsections were erected within the four (sub-)genera of Racomitrium s.l. by BednarekOchyra (1995) , Bednarek-Ochyra & Ochyra (1994 , 1996 , Frisvoll (1983) , and Ochyra & al. (1988 Ochyra & al. ( , 2003 , and numerous new combinations of species names were made.
The four segregate taxa of Racomitrium s.l. are separated by morphological traits of papillae on the laminal cells, hyaline leaf hairpoints, alar cells, costa structure, and peristome teeth morphology. According to Ochyra & al. (2003) , Racomitrium s.str. is characterized by a papillose seta and the presence of a long-decurrent hyaline hairpoint, which is eroded to sharply dentate and papillose, contrasting with the rest of the lamina cells which are bulging due to the presence of large, flat papillae. Niphotrichum stands out by the presence of high, conical papillae throughout the leaf surface, the inflated, yellowishhyaline and thin-walled alar cells, as well as peristome teeth as long as the urn, usually more than 1 mm long. Codriophorus is characterized by the presence of flat papillae on the leaf surface, a distally verrucose to papillose calyptra, and a costa that generally ends well before the leaf apex. Finally, Bucklandiella has a smooth laminal surface (although sometimes with longitudinal cuticular thickenings or pseudopapillae) and generally short peristome teeth (< 500 μm) that are divided to the middle (rarely deeper), or sometimes are entire. Although these characters seem to be useful for delimiting the four taxa at the generic level, circumscriptions are obscured because not all species show the traits considered diagnostic for the genera in which they are placed.
Due to these problems the generic division of Racomitrium s.l. has generally not been accepted by authors dealing with the Grimmiaceae, or at least has been questioned (e.g., Allen, 2005; Wagner, 2008) . However, the publication of a monograph of Codriophorus (Bednarek-Ochyra, 2006 ) and the adoption of the new generic classification in the Bryophyte Flora of North America ) has helped to increase its acceptance among bryologists. One of the most recent classifications of bryophytes has (provisionally) also accepted the division of Racomitrium at the generic level (Frey & Stech, 2009 , but see Stech & al., 2013) .
Phylogenetic inferences based on molecular data in Racomitrium s.l. are virtually absent. Few Racomitrium species have been included in a study addressing overall phylogenetic relationships among the genera of the Grimmiaceae (Hernández-Maqueda & al., 2008b) , which indicated that the genus Racomitrium is monophyletic in its traditional broad circumscription. Similarly, only a limited number of Racomitrium species were included in a study by Liu & al. (2011) testing the suitability of DNA barcoding markers in the Grimmiaceae. Only the Racomitrium (Niphotrichum) canescens complex has been subjected to more detailed analyses (Stech & al., 2013) . Additionally, a subset of the data presented in this paper was used to support the description of the new species Bucklandiella araucana (Larraín & al., 2011) . The evolutionary significance of morphological characters across Racomitrium s.l.
has not yet been assessed, neither for those characters used for classification, nor for further potentially significant characters such as seta torsion.
Thus, the main objectives of this study are: (1) to reconstruct the phylogeny of Racomitrium s.l. using nuclear and plastid markers, (2) to test the monophyly of the four taxonomic entities recognized for more than 100 years, but rarely accepted at the generic level by most modern bryologists, and (3) to test the taxonomic relevance of the morphological characters defining the taxa of Racomitrium s.l. using ancestral state reconstruction.
MATERIALS AND METHODS
Taxon sampling and scoring of morphological characters. -A morphological data matrix was compiled based on all herbarium collections included in the molecular analyses (Electr. Suppl.: Appendix S1), plus some additional vouchers and literature information (Electr. Suppl.: Appendix S2). In total, 41 species out of approximately 80 species currently accepted in the group (Bednarek-Ochyra, 1995; Ochyra & al., 2003) were included in the analyses, representing all major currently accepted infrageneric taxa within Racomitrium s.l. (fide Frisvoll, 1983 Frisvoll, , 1988 Bednarek-Ochyra, 1995 Ochyra & al., 2003) spanning a representative sampling of the full range of morphological variation of the group. Outgroup taxa were chosen based on the traditional systematic knowledge of the family and recent molecular studies (Tsubota & al., 2003; Hedderson & al., 2004; Hernández-Maqueda & al., 2008a, b) . For measurements of sporophytic continuous characters (seta length, peristome teeth length, spore diameter), 1−5 collections were examined, from each of which 3−10 sporophytes were dissected. For measurements of the single gametophytic continuous character (leaf size), 5−10 shoots were dissected from each examined collection, and for each shoot, 10−20 leaves were measured. For the species where few specimens were available, measurements were compared with available descriptions, and lacking data was taken from the literature (Electr. Suppl.: Appendix S2). The resulting morphological matrix comprised a total of 30 characters (22 gametophytic and 8 sporophytic; Appendix 1; Electr. Suppl.: Table S1 ). All characters traditionally considered systematically important for Racomitrium s.l., as well as other characters (e.g., leaf size, cross section shape, seta twist direction, peristome teeth morphology, spore size, Version of Record (identical to print version).
etc.) that could potentially be useful for interpreting patterns in the molecular phylogenetic reconstructions, were included.
DNA extraction and sequencing. -DNA was extracted from recently collected herbarium specimens (Electr. Suppl.: Appendix S1). Selected shoots were cleaned manually by rinsing them several times with distilled water and by visual inspection under a compound microscope. Extraction followed the protocol described in Doyle & Doyle (1987) with some minor modifications. PCR reactions for the rps4-trnL region (including 125 bp of the rps4 gene, the rps4-trnT UGU intergenic spacer (IGS), trnT UGU , trnT UGU -trnL UAA IGS, the trnL UAA 5′ exon, and the 5′ part of the trnL UAA intron until P6) were performed in a total volume of 50 μl, including 0.2 μl (5 U/µl) of polymerase (Ecogen, Madrid, Spain), 5 μl of polymerase buffer [10×], 2.5 μl MgCl2 [50 mM], 5 μl of dNTP mix [0.2 mM], 2 μl of each primer [20 μM], and 2 μl of DNA template, completing the volume with 31.2 μl of ultra-pure water. Primers used were rps4-166F (Hernández-Maqueda & al., 2008b) , and P6/7 (Quandt & al., 2004) . Amplification cycles consisted of an initial period of 2 min at 94°C, followed by 29 cycles of 1 min at 94°C, 1 min at 55°C, and 1 min at 72°C, ending with a final extension period of 5 min at 72°C. Amplifications of trnK/matK-psbA were performed in a total volume of 25 μl, adding 0.2 μl (5 U/µl) of polymerase (Ecogen), 2.5 μl of polymerase buffer [10×], 2.5 μl MgCl2 [50 mM], 2.5 μl of dNTP mix [0.2 mM], 1 μl of each primer [20 μM], and 1 μl of DNA template, completing the volume with 16.8 μl of ultra-pure water. In a few cases where no PCR products could be obtained, 0.5 μl of betaine and/or 1 μl KCl were added, or the primer quantity was increased to 2 μl each. Primers used were trnK-F (Wicke & Quandt, 2009) , and psbARbryo (Hernández-Maqueda, 2007) . In some cases, when this primer couplet did not produce amplification products, we used trnK-F together with the reverse primer trnK-R4 (Wicke & Quandt, 2009 ). Amplification cycles consisted of an initial period of 3 min at 96°C, followed by 39 cycles of 30 s at 94°C, 90 s at 48°C, and 3 min at 72°C, ending with a final extension period of 20 min at 72°C. When this program did not produce products we modified it as follows: an initial cycle of 1 min at 96°C, 45 s at 50°C, 90 s at 68°C, followed by two cycles of 45 s at 95°C, 45 s at 48°C and 1 min at 68°C, and then 37 cycles of 30 s at 94°C, 30 s at 45°C and 1 min at 68°C, ending with a final extension period of 15 min at 68°C. Amplification reactions for ITS were performed in a total volume of 25 μl, adding 12.5 μl of FastStart polymerase mix (Roche, Basel, Switzerland), 5 μl of each primer [10 μM], and 1 μl of DNA template, completing the volume with 6.5 μl of ultrapure water. Primers used were ITS4 (White & al., 1990 ) and 18S (Spagnuolo & al., 1999) . Amplification cycles consisted of an initial period of 2 min at 94°C, followed by 40 cycles of 1 min at 94°C, 1 min at 48°C, and 1 min at 68°C (with a time increment of 4°C/cycle), ending with a final extension period of 4 min at 68°C. All reactions were performed in a Mastercycle Gradient thermocycler (Eppen dorf, Hamburg, Germany) or a T3 Thermocycler (Biometra, Göttingen, Germany) Sequencing reactions were performed by Macrogen Inc. (Seoul, South Korea), in a DNA Engine Tetrad 2 Peltier Thermal Cycler (BIO-RAD, Hercules, California, U.S.A.) using the ABIBigDye Terminator v.3.1 Cycle Sequencing Kit (Applied Biosystems, Foster City, California, U.S.A.), following the protocols supplied by the manufacturer. Single-pass sequencing was performed on each template using the PCR primers indicated above, as well as the internal primers trnKF426Grim and matK1024F (Hernández-Maqueda, 2007) for the trnK/ matK-psbA region, and primers ITS2 and ITS3 for the ITS region (White & al., 1990) . Sequences were edited and manually aligned using PhyDE v.0.995 (www.phyde.de) following the alignment rules and hotspot definitions presented in Kelchner (2000) , Olsson & .
Phylogenetic inferences. -Molecular phylogenetic reconstructions under maximum likelihood (ML) were performed with RAxML v.7.2.8-alpha (Stamatakis, 2006) , specifying a random number seed for the parsimony inferences, including 10,000 bootstrap replicates, and applying the default settings in a rapid bootstrap (BS) search. Bayesian inference (BI) analyses were performed with MrBayes v.3.1 (Huelsenbeck & Ronquist, 2001; Ronquist & Huelsenbeck, 2003) ; all characters were given equal weight and gaps were treated as missing data. The default settings of the program for a priori probabilities were used. Four runs, each with four MCMC chains (5,000,000 generations each) were run simultaneously, with the temperature of the heated chain set to 0.2 (default setting). Chains were sampled every 1000 generations. Calculation of the consensus tree and posterior probabilities of clades was based on the set of trees sampled after the chains had converged, as observed graphically using Tracer v.1.5 (Rambaut & Drummond, 2007) . Maximum parsimony (MP) ratchet analyses were conducted with PAUP* v.4.0b10 (Swofford, 2003) via the command files generated by PRAP2 (Müller, 2004a) , including bootstrap analyses with 10,000 replicates. Ratchet settings were as follows: 10 random addition cycles of 200 iterations each with a 25% upweighting of the characters in the iterations. For each of the tree construction methods, we analyzed the concatenated data matrix of the three sequenced regions, as well as each region individually in order to detect possible topological incongruences. Analyses were performed excluding hot spot regions (Electr. Suppl.: Table S2 ). Inversions were included as reverse complement for the analyses (cf. Quandt & al., 2003; Borsch & Quandt, 2009 ). In addition, the data matrix was analyzed using BI and MP searches with an indel matrix appended. Indels were coded using the simple indel coding (SIC) strategy (Simmons & Ochoterena, 2000) as implemented in Seqstate v.1.4.1 (Müller, 2004b) . Likelihood scores, as well as both the AIC and BIC criteria implemented in jModelTest v.0.1 (Guindon & Gascuel, 2003; Posada, 2008) , suggested the GTR + Γ substitution model for the concatenated matrix. Although other substitution models were suggested by jModelTest for each partition separately, we used the GTR + Γ model for the ML analyses as this had the best scores for our data among the available models in RAxML. For BI analyses we used the GTR + I + Γ model by default, which should give best results under this method (see discussion in Huelsenbeck & Rannala, 2004) . Indels were treated as restriction site data in BI analyses. Trees were edited and support values added using TreeGraph v.2 (Stöver & Müller, 2010) . For testing the relative Version of Record (identical to print version).
probabilities of the different topologies obtained by analyzing the different genetic regions selected, we performed an approximately unbiased (AU) test using CONSEL v.0.1k (Shimodaira & Hasegawa, 2001) , by entering the site-log-likelihood values for each topology generated by Tree-Puzzle v.5.2 (Schmidt & al., 2002) . For Tree-Puzzle we used the default settings, except for using neighbour-joining for parameter estimation, and the model was set to GTR with gamma distributed rates and eight gamma rate categories.
Ancestral character state reconstruction. -A total of 30 characters were scored for the ancestral state reconstructions (Table 1) , including all characters that have been traditionally used for the classification of Racomitrium. Continuous characters (leaf size, seta length, peristome teeth length, spore size) were coded as discrete avoiding overlaps, and recording for each species the mean value taken from the measured specimens and literature information (Appendices 1, 2). Character reconstruction was done using maximum likelihood with Mesquite v.2.73 (Maddison & Maddison, 2010) . The outgroup species were excluded from the analyses so as not to affect the probabilities of nodes for characters that could be variable among species of the outgroup genera, and branch lengths were included as a measure of the probability of change across time. For all characters a "Markov k-state 1 parameter" reconstruction model was used, which assumes that any particular change is equally probable (e.g., from state 0 to 1, or from 2 to 1).
RESULTS
The combined aligned dataset (alignment and tree from We obtained the same tree topology when analyzing the concatenated dataset with ML, BI, and MP, with the only exception of the position of Racomitrium laetum and R. lawtoniae (sect. Lawtonia). These two species appear as sister to the Laevifolia/Stenotrichum/Fascicularia/Canescentia clade in the ML tree, sister to the "Bucklandiella" group in the MP strict consensus trees, and in an unresolved position together with the Laevifolia/Stenotrichum/Fascicularia/Canescentia and the "Bucklandiella" clades in the BI 50% majorityrule consensus tree, although none of these topologies received significant support. The strongly supported "Bucklandiella" clade includes Racomitrium sections Sudetica, Subsecunda and Ellipticodryptodon, which comprise the bulk of species of Bucklandiella fide Ochyra & al. (2003) . Figure 1 shows the tree from the analysis of the concatenated dataset obtained Leaf papillosity 4
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Basal marginal band 9
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Leaf size 14 Fig. 2) , except for the position of sect. Canescentia. This section is sister to sect. Fascicularia in all trees except in the ITS tree, where it appears as sister to the Laevifolia/Stenotrichum/Fascicularia clade (Fig. 2) . Thus the topology from the concatenated matrix will be described and deviations from this mentioned where appropriate. Analysis of the concatenated matrix resulted in strong (i.e., BS > 70; PP > 95) to maximal support for nodes in the backbone topology, with one exception: the node grouping sect. Lawtonia with its sister clade in Fig. 1 . In all analyses the first branching lineage is the monophyletic sect. Racomitrium (Figs. 1, 2), followed by "Bucklandiella". The latter group, however, as circumscribed by Ochyra & al. (2003) , is rendered polyphyletic in most analyses by the position of the monophyletic sect. Lawtoniae (Racomitrium sect. Lawtonia), the only section of Bucklandiella sensu Ochyra & al. (2003) in which the seta is twisted to the right (Fig. 3C) , and by sect. Laevifoliae (Racomitrium sect. Laevifolia) . In the majority of analyses sect. Lawtoniae appears more closely related to CodriophorusNiphotrichum-Bucklandiella sect. Laevifoliae (Figs. 1, 2A-C, E). Analysis of the trnK/matK-psbA dataset, however, resolved it as sister to the bulk of the Bucklandiella species (Fig. 2D) . However, in all cases the relevant nodes are unsupported. The remaining Bucklandiella species (sensu Ochyra & al., 2003) included in the present study are resolved in two different clades, strongly to maximally supported in most analyses: (1) a clade (Racomitrium sect. Ellipticodryptodon in Fig. 1 ) comprising the austral species belonging to sections Bucklandiella, Emersae, Marginatae, and Ptychophyllae of Ochyra & al. (2003) ; and (2) a second clade (Racomitrium sect. Sudetica and sect. Subsecunda in Fig. 1 ) that includes the sampled species of sections Sudeticae, Gemmiferae, and Subsecundae of Ochyra & al. (2003) . These two clades form a monophyletic group, albeit with only moderate support. As the position of sect. Lawtonia is weakly supported in all analyses (compare Figs. 1 and 2 ), the present data do not allow to unequivocally conclude that sections Ellipticodryptodon, Lawtonia, Subsecunda, and Sudetica form a monophyletic taxon.
In the clade sister to "Bucklandiella" (without considering the position of sect. Lawtonia) there is a dichotomy consisting of Laevifolia/Stenotrichum and Fascicularia/Canescentia (Figs. 1,  2A, 2B, 2D ), other than in the ITS analyses, where Fascicularia appears as sister to the Laevifolia/Stenotrichum clade (Fig. 2E) . Bootstrap support for both topologies ranges between 72 (ITS) and 73-100 (plastid), indicative of a conflict between plastid and nuclear data. The position of sect. Laevifolia as sister to sect. Stenotrichum is consistent in all analyses except for the rps4-trnL region analysis, which produced an unsupported topology that was also rejected by the AU test (Fig. 2C) .
Ancestral state reconstruction analyses ( Fig. 3A-D ; Table 1 ; Electr. Suppl.: Figs. S1-S30) show that only three of the characters traditionally used to classify the different species groups within Racomitrium are free of homoplasy: the papillose seta, the long-decurrent hairpoints, and the combination of papillose hairpoints and smooth or low papillose laminal cells. This set of characters is diagnostic for Racomitrium s.str. Another two characters (leaves contorted when dry, and plants with propagules) would correspond to synapomorphies of Racomitrium japonicum/R. barbuloides and R. nivale, respectively, but both characters appear also in outgroup taxa, the former being common among Ptychomitrium species, and the latter present in most Dryptodon species. All other characters, including those most often used to define groups within Racomitrium, exhibit varying levels of homoplasy (Table 1) .
DISCUSSION
Molecular data and ancestral state reconstruction of morphological characters do not support a division of Racomitrium into different genera. The four genera and many infrageneric taxa into which the classical Racomitrium has been divided (summarized in Ochyra & al., 2003) are mostly not monophyletic. However, the molecular groupings recovered in our analyses are supported by morphological characters; some of these characters are reinterpreted or newly proposed here. In the following discussion we use the nomenclature in Ochyra & al. (2003) , and finish by presenting a revised infrageneric classification of an inclusive and monophyletic Racomitrium. Ochyra & al. (2003) . This result receives maximum support under all analytical approaches, no matter whether the regions were analysed separately or concatenated. Of the four segregate genera recognized by Ochyra & al. (2003) , only Racomitrium s.str. is recognizable at the molecular level in its original circumscription, while Niphotrichum forms a monophyletic group together with a single species of Codriophorus. Bucklandiella and Codriophorus are resolved as polyphyletic (Fig. 1) . At the sectional level in a broadly defined Racomitrium s.l., by contrast, well-supported clades corresponding to previously recognized or newly defined sections (see "Taxonomy" below), are resolved (Fig. 1) .
The well-supported clade of Racomitrium s.str. (sect. Racomitrium) coincides with a set of morphological synapomorphies (papillose seta, long-decurrent hairpoints, and the combination of papillose hairpoint and smooth or slightly papillose laminal cells). Additionally, the seta is twisted to the right in all Racomitrium s.str. species, although this trait is shared with a number of other species in different sections (Fig. 3C) .
A clade corresponding to Niphotrichum sensu Ochyra & al. (2003) but also including the western North American endemic Racomitrium varium, previously placed in Codrio phorus subsect. Pilifera (Bednarek- Ochyra, 1995 Ochyra, , 2006 Ochyra & al., 2003) , is resolved with maximum support in all molecular analyses. The Niphotrichum clade (Racomitrium sect. Canescentia) is morphologically supported by synapomorphies such as the presence of high conical papillae over the cell lumina throughout the leaf (except R. varium, Fig. 3A ) and the presence of inflated, hyaline to yellowish, thin-walled alar cells forming decurrent auricles (except R. barbuloides and R. varium, Fig. 3B ). Other characters that were used to diagnose Niphotrichum are also present in other sections, such as the seta twisted to the right, which occurs in sections Racomitrium and Lawtonia, and long peristome teeth exceeding 1 mm, which are present in R. laevigatum of sect. Fascicularia. The shorter peristome teeth of R. barbuloides suggest that there have also been reversals in this character state in the sect. Canescentia clade (Fig. 3D) . The position of R. varium in this clade, however, seems to be only supported morphologically by the long peristome teeth. This challenging taxon has setae twisted to the left, leaf surfaces with weak papillae similar to the ones seen in sect. Fascicularia, and alar cells not as inflated and yellowish as in other members of sect. Canescentia, although the basal marginal border is clearly differentiated in a row of pellucid and straight-walled cells.
The morphological circumscription of Codriophorus was already obscured by the transfer of R. dichelymoides and R. depressum, two species having smooth leaves, to Bucklandiella (Bednarek- Ochyra & Ochyra, 2011) . Unfortunately the authors neither explained the reasons for this transfer, nor discussed the implications of the papillose to verrucose calyptra observable in both species for the delimitation of Codriophorus, which also includes several species with smooth calyptrae (e.g., R. fasciculare, R. laevigatum). In contrast to the polyphyly of Codriophorus based on molecular data, two clades resolved in the present study correspond to the two sections already distinguished within the genus by Bednarek-Ochyra (2006) . Her sect. Codriophorus (Racomitrium sect. Stenotrichum in this study) is characterized by simple to dichotomously branched stems, relatively short upper laminal cells (although there are exceptions), lingulate to oblong-lanceolate leaves, a generally obtuse leaf apex, and a broad and robust costa. It is resolved as sister to sect. Laevifolia with high support in all our molecular analyses. The two sections share a costa more than three layers thick in the proximal part, the lack of a differentiated basal marginal border of pellucid and straight-walled cells, a seta twisted to the left, innermost perichaetial leaves that are strongly modified, and generally the absence of a hyaline point (although this is conspicuous in R. heterostichum and R. obesum, and variably present in R. obtusum). Most of these morphological characters are, however, highly homoplastic according to the ancestral state reconstruction analyses (Table 1 ; Electr. Suppl: Figs. S1-S30). Codriophorus sect. Fascicularia sensu BednarekOchyra (2006) (here Racomitrium sect. Fascicularia) differs by the presence of many short tuft-like branches on the main stems, a narrower costa, generally longer apical leaf cells, and (narrowly) lanceolate leaves. It is resolved (except for R. varium, see above) as sister to the sect. Canescentia clade in all analyses of the concatenated dataset and the cpDNA markers (Figs. 1, 2A-D) , but as sister to the sect. Stenotrichum/sect. Laevifolia clade in the ITS tree (Fig. 2E ). Both topologies are significantly supported, although only the cpDNA topology receives maximal support. Results from the AU topology test indicate that the topology obtained from the rps4-trnL analysis (P = 0.036) should be rejected, whereas the remaining topologies cannot be rejected (Fig. 2) . Given these results, we cannot definitively conclude to which other section sect. Fascicularia is most closely related. The closer relationship based on molecular data between sect. Fascicularia and sect. Canescentia could be explained in terms of morphological, albeit homoplastic, traits such as a costa that vanishes at midleaf or is subpercurrent (seldom percurrent) and is both narrow and thin (except for R. varium), as well as the presence of a great number of short, tuft-like branches along the main stems. The recent Version of Record (identical to print version). discovery of mature sporophytes of R. laevigatum (Larraín & al., unpub. data) , which have very long peristome teeth (ca. 1.5 mm), further supports this relationship, as does the papillae shape, which is very variable, with typical "Codriophorus-like" (fide Bednarek-Ochyra, 2006) papillae in the proximal parts of leaves becoming almost conical at the leaf apex, as in the bulk of the species in Niphotrichum.
In contrast to the results of the present study, Larraín & al. (2011) suggested that Bucklandiella is monophyletic. These results have already been used as evidence for supporting the validity of the segregated genera (Bednarek- Ochyra & Ochyra, 2012) . However, species from Bucklandiella sect. Laevifoliae (Racomitrium sect. Laevifolia: R. heterostichum and allied species) were not included in that study. This group now turns out to be a key taxon for assessing the circumscription of Bucklandiella, due to its close relationship to Racomitrium sect. Stenotrichum, as discussed above, and the fact that it includes R. depressum, which was considered to belong to either Codriophorus (Bednarek- Ochyra, 2006) or Bucklandiella (Bednarek- Ochyra & Ochyra, 2011) .
The position of Racomitrium dichelymoides Herzog, a rheophyte endemic to Colombia, could not be assessed because PCR products could not be obtained from DNA extractions of available herbarium material. Bednarek-Ochyra (1995) placed this species in its own subsection Andicola within Racomitrium, but it has also been treated as a subsection of Codriophorus (Ochyra & al., 2003) and Bucklandiella (Bednarek- Ochyra & Ochyra, 2011) . The species combines the seta twisting pattern observed in Codriophorus sect. Fascicularia (to the left with a few turns to the right just below the capsule, fide Bednarek-Ochyra 2006, fertile material not seen by us), a slightly verrucose calyptra (Bednarek-Ochyra, 2006) , the costa shape of sect. Stenotrichum, and smooth laminal cells, together with short peristome teeth (350−400 μm) as in the bulk of the Bucklandiella species. The rheophytic habitat, falcatesecund leaves with obtuse and muticuous leaf apices, absence of a differentiated basal marginal border of pellucid cells, and presence of inflated leaf auricles, suggest that this taxon could either be related to species of sect. Ellipticodryptodon or sect. Subsecunda. However, possession of a costa which vanishes well below the leaf apex together with the seta twisting pattern make it difficult to place this taxon in any of the latter sections. Until more data is available, we prefer to keep it in its own section within Racomitrium (see Taxonomy) .
Systematic significance of morphological characters. -
Concerning the traditional characters that have been used to define the different subdivisions of Racomitrium s.l., we find that some of them have been erroneously interpreted (e.g., leaf papillosity, squarrose outer perichaetial leaves) or are simply too variable and unstable to be used for classification (e.g., inner perichaetial leaf morphology, presence of hyaline hairpoint, presence of a differentiated marginal basal row of hyaline and straight walled cells, and branching pattern). Some of these characters are diagnostic for specific clades, but cannot be used for others. For example, the differentiated border of pellucid cells at the marginal bases of leaves is consistent with the close relationship between sections Stenotrichum and Laevifolia based on molecular data, but cannot be used within sect. Ellipticodryptodon (e.g., for the strongly supported clade grouping R. rupestre, which lacks such a border, R. pachydictyon, in which it is variably present, and R. orthotrichaceum, which has a well developed marginal border two cell rows wide). The same is true for leaf hair points: papillose, decurrent, and eroso-dentate to serrate hairpoints are diagnostic for sect. Racomitrium, but the character is quite variable, even within populations, in species such as R. heterostichoides, R. obtusum, R. subsecundum, and R. sudeticum Frisvoll, 1986 Frisvoll, , 1988 Wagner, 2008) .
The ancestral state reconstruction shows that even the characters regarded as most important for segregation of the classical Racomitrium by Ochyra & al. (2003) , such as leaf cell papillae shape (Fig. 3A) , are homoplastic. Although the strongly papillose hyaline hair point contrasting with flat papillae on the lamina exhibited by Racomitrium s.str., and the conical papillae located right over the cell lumen found in Niphotrichum, are characters that define these two taxa, variation in the leaf papillae shape between Codriophorus and Bucklandiella does not justify its use as diagnostic character, and this is corroborated by our molecular results. The pseudopapillae (cf. Frisvoll, 1988) of some taxa of Bucklandiella could be interpreted as an underdeveloped state of the massive flat papillae found in most Codriophorus species. Both types are situated over the longitudinal walls of the laminal cells. These structures are narrow, well-separated, and relatively tall in Bucklandiella and much wider in Codriophorus, where they cover the entire longitudinal cell wall, leaving a narrow groove just over the cell lumen. Additionally, Racomitrium varium has Codriophorustype leaf papillae, although it always appears nested within the Niphotrichum clade in our results.
Another character that has been regarded as important for classification is the morphology of perichaetial leaves. Frisvoll (1988: 31) defined four main types of perichaetial leaves, i.e.:
(1) innermost bracts slightly differentiated, thin-walled, hyaline and sheathing at the base but chlorophyllous and like vegetative leaves above, usually with hyaline point, and outer bracts not squarrose when wet; (2) innermost bracts strongly modified and sheathing, hyaline below but not above, epilose, and outer bracts not squarrose when wet; (3) innermost bracts strongly modified, strongly sheathing and pellucid below but not above, epilose, and outer bracts squarrose when wet; (4) innermost bracts strongly modified, hyaline and epilose, and outer bracts not squarrose when wet. We have observed that some of these characters have been erroneously interpreted for certain groups, e.g., sect. Subsecunda is supposed to have squarrose outer perichaetial leaves (Frisvoll, 1988) , but in most of the Neotropical specimens of the type species of the section, R. subsecundum, this character is variable and the leaves are slightly erect to erect-spreading only when wet. Other characters are too variable even among closely related taxa, e.g., the extent to which the innermost perichaetial leaves are hyaline varies even within populations, and might be related to environmental conditions or to the state of development of the sporophytes.
The presence of inflated, hyaline alar cells forming a shortdecurrent alar group can be considered a synapomorphy for Version of Record (identical to print version).
Niphotrichum, with the exceptions of R. varium and R. barbuloides that rarely have inflated alar cells. In addition to undifferentiated alar cells and the "Niphotrichum-type" hyaline alar cells, however, a third type (inflated alar cells in short decurrencies but often colored) occurs in various species in different sections, such as R. fasciculare, R. laevigatum, R. norrisii, R. subsecundum, R. curiosissimum, and R. lamprocarpum (Fig. 3B ), which were placed in either Bucklandiella or Codriophorus by Ochyra & al. (2003) .
Costa thickness seems to be a stable and useful character for some groups of species, although it is a highly homoplastic character within Racomitrium s.l. (Table 1 ). The thin (mostly two cell layers thick) and weakly differentiated costa is a shared character between sections Canescentia and Fascicularia (except for R. varium which has a costa that is three cell layers thick proximally). A thick and wide costa is shared by sections Stenotrichum, Laevifolia, most species of sect. Ellipticodryptodon, and R. macounii (sect. Sudetica).
Two sporophytic characters (seta torsion, peristome teeth length), although homoplastic, support some of the relationships found in our molecular analysis (Fig. 3C, D) . Seta torsion has not previously been regarded as important taxonomically, perhaps due to a lack of consensus on a stable terminology for describing the direction in which the seta twists (Wagner, 2008) . We have adopted here the terminology illustrated in Malcolm & Malcolm (2006) , where "to the right" is synonymous with dextrorse, and "to the left" with sinistrorse. All species in sections Racomitrium and Lawtonia, and all in sect. Canescentia except R. varium, have setae twisted to the right (Fig. 3C ). Racomitrium varium is again an exception because it has a seta that is twisted to the left. Members of sections Ellipticodryptodon, Laevifolia, Subsecunda, and Sudetica have setae twisted to the left, like those of sect. Stenotrichum. Finally, setae in sect. Fascicularia are slightly twisted to the left at the base, but just below the capsule they abruptly twist to the right. Peristome teeth length is also too variable to be used as a diagnostic character at the sectional level. They are generally longer than 1000 μm in all members of sect. Canescentia (including R. varium) as well as in R. laevigatum. Other members of sect. Fascicularia have shorter teeth (500−1000 μm). Further obscuring the distinction between Codriophorus and Nipho trichum, some members of sect. Stenotrichum (such as R. ryszardii, not included in our molecular analyses) have peristome teeth generally longer than 500 μm, whereas in R. barbuloides they are shorter than 1000 μm (Fig. 3D) . Finally, some species of the former Bucklandiella (R. subsecundum, R. pacificum) present extreme phenotypes with peristome teeth exceeding 500 μm, although generally these species have teeth shorter than 500 μm.
Final remarks. -The present molecular results do not support the current segregation of the traditional genus Racomitrium into four genera. In the light of the present data, three different approaches could be considered: (1) keeping the four genera proposed by Ochyra & al. (2003) and describing four new genera for Codriophorus sect. Fascicularia, Bucklandiella sect. Laevifolia, Bucklandiella sect. Lawtonia, and Racomitrium varium); (2) recognizing Racomitrium s.str. as one genus and treating all other species in a second genus (i.e., Codriophorus, the oldest available name at the genus level); or (3) going back to the traditional use of Racomitrium, and proposing a novel infrageneric classification that corresponds to the molecular clades.
The first approach seems unjustified because there would be no morphological synapomorphies for the new genera. The second approach would reflect quite well our molecular results, but it would be necessary to recombine more than 60 names under Codriophorus, because Racomitrium was lectotypified by Schimper (1860) with R. lanuginosum (cf. Ochyra & al., 2003) ; we reject this solution because it would only increase the nomenclatural confusion surrounding the group. The third approach seems to be the most appropriate based on our molecular results. It involves returning to the traditional generic concept of the genus Racomitrium, which is diagnosed by a cladocarpous habit, lack of a stem central strand, conspicuously sinuose laminal cell walls, sinuosewalled epidermal cells in the vaginula, and the presence of a preperistome. A novel infrageneric classification of the genus Racomitrium is proposed below. For each recognised section we list the included species, indicating in bold letters all taxa assessed in the present molecular study. Stems dichotomously or pinnately branched; leaf surface with low, blunt papillae contrasting with conical, tall papillae on the hyaline points; hyaline hairpoints long-decurrent; cells towards leaf apex rectangular to linear, rarely isodiametric; differentiated basal marginal border of pellucid and straightwalled cells present; costa weak, bistratose in proximal portion; leaf margins unistratose, serrate to dentate (sometimes only eroded) in distal half. Innermost perichaetial leaf differentiated, hyaline to yellowish, convolute, fragile. Seta papillose, twisted to the right; peristome teeth long (> 500 μm) deeply divided in 2-3 prongs; calyptra smooth. Stems dichotomously branched; leaf surface smooth or with longitudinal cuticular ridges (appearing papillose in cross section); hyaline hairpoint of vegetative leaves terete and straight, robust, often denticulate; cells towards leaf apex usually isodiametric or oblate; differentiated basal marginal border of pellucid and straight-walled cells variable, either absent or conspicuous; costa strong, often of 3 or 4 cell layers in proximal portion; leaf margins often bistratose, entire; innermost perichaetial leaf slightly differentiated from vegetative leaves, chlorophyllose in distal half or more and piliferous, sheathing at the base but not above. Seta smooth, twisted to the left; peristome teeth generally short (< 500 μm), divided to the middle (rarely deeper); calyptra smooth. Stems dichotomously branched; leaf surface smooth or with longitudinal cuticular ridges (appearing papillose in cross section); hyaline hairpoint often long and flexuose; cells towards leaf apex generally much longer than wide; differentiated basal marginal border of pellucid and straight-walled cells variable, lacking to well developed; costa bi-to tri-stratose in proximal portion; leaf margins often unistratose; innermost perichaetial leaf strongly modified, and generally lacking a hyaline point (except in some populations of R. microcarpum). Seta smooth, twisted to the left; peristome teeth generally short (< 500 μm), divided to the middle (rarely deeper); calyptra smooth. Stems dichotomously branched; leaf surface smooth or with longitudinal cuticular ridges (appearing papillose in cross section); hyaline hairpoint flat, variable in length, lacking to very long and flexuose; cells towards leaf apex variable, generally longer than wide; differentiated basal marginal border of pellucid and straight-walled cells variable, lacking to well developed; costa 2-to 5-stratose in proximal portion; leaf margins variable, unistratose to bistratose in several rows; innermost perichaetial leaf strongly differentiated from vegetative leaves, hyaline or with a smaller chlorophyllose area distally, without or with a very short hyaline hairpoint, sheathing (sometimes for all its length). Seta smooth, twisted to the left; peristome teeth generally short (< 500 μm), divided to the middle (rarely deeper), or sometimes even entire; calyptra smooth. Included species: R. laetum, R. lawtoniae. Stems scarcely branched, dichotomous; leaf surface smooth. Hyaline hairpoint flat; cells towards leaf apex generally longer than wide; differentiated basal marginal border of pellucid and straight-walled cells absent or very weak; costa weak, 2-3 cell layers in proximal portion; leaf margins unistratose, entire; innermost perichaetial leaf strongly differentiated from vegetative leaves, hyaline or with a smaller chlorophyllose area distally, without or with a very short hyaline hairpoint, sheathing (sometimes for all its length). Seta smooth, twisted to the right; peristome teeth generally short (< 500 μm), divided to the middle (rarely deeper); calyptra smooth. Version of Record (identical to print version). leaf slightly differentiated from vegetative leaves, chlorophyllose throughout, sheathing (sometimes for all its length). Seta smooth, twisted to the left with a few turns to the right just below the capsule; peristome teeth short (< 500 μm), irregularly divided; calyptra smooth.
TAXONOMY

Taxonomic changes
Racomitrium allanfifei
